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The envelope (env) glycoproteins of human immunodeficiency viruses type 1 (HIV-1) and type 2 (HIV-2) form 
dimers shortly after synthesis. Analysis of the simian immunodeficiency virus (SIV) env protein expressed by 
a recombinant vaccinia virus revealed that it, too, forms stable homodimers. When the HIV-1 and SIV env 
proteins or the HIV-1 and HIV-2 env proteins were coexpressed in the same cells, heterodimers were formed. 
Thus, the env proteins of HIV-1, HIV-2, and SIV possess a functionally conserved domain involved in 
subunit-subunit recognition and assembly that likely involves the ectodomain of gp41. 



Extreme sequence heterogeneity is a hallmark of the 
envelope (env) proteins of the human immunodeficiency 
viruses (HIVs) (3, 30). Like the membrane proteins of other 
viruses, however, env proteins must provide conserved 
functions, which include binding virus to the cell surface and 
triggering fusion between the viral envelope and a cellular 
membrane (11, 28). Thus, sequence comparisons between 
different HIV type 1 (HIV-1) isolates as well as among 
HIV-1 and the related but distinct HIV-2 and simian immu- 
nodeficiency virus (SIV) env proteins reveal conserved 
domains, notably the CD4 binding site in gpl20, the cleavage 
site between gpl20 and gp41, and the amino-terminal region 
of gp41, which is involved in the fusion reaction (1, 14, 15, 
17, 27, 31). The ectodomain of gp41 is also highly conserved, 
which suggests an important role for this region (27). Re- 
cently, we have implicated the first 129 amino acids of the 
HIV-1 gp41 ectodomain as being of critical importance in the 
assembly of env protein oligomers (6). The env protein forms 
noncovalently associated homodimers in the endoplasmic 
reticulum (ER) which in turn assemble into tetramers (6, 21, 
25). Since the env proteins are initially synthesized as 
monomers, newly made subunits must possess the means to 
recognize each other as appropriate assembly partners in the 
ER. To further examine the molecular basis of subunit- 
subunit interactions and to determine whether the assembly 
site is conserved, we asked whether expression of different 
primate immunodeficiency viral env proteins in the same cell 
leads to heterologous dimer formation. Such a result would 
indicate the presence of a structurally and functionally 
conserved assembly domain. 

Earlier electrophoretic studies indicated that the HIV-2 
and SIV env proteins form sodium dodecyl sulfate (SDS)- 
resistant dimers transiently during their biosynthesis (23). 
The existence of HIV-2 gpl60 dimers and higher-order 
oligomeric forms was demonstrated by combined sucrose 
velocity gradient sedimentation and chemical cross-linking 
studies (S. Chakrabarti, T. Mizukami, F. Franchini, and B. 
Moss, Virology, in press). Before the abilities of the various 
env proteins to form hybrid dimers were examined, it was 
necessary to confirm the oligomeric structure of the SIV env 
protein as well. For this purpose, a recombinant vaccinia 
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virus was used to express the SIV env protein in BSC-1 cells 
(13). Infected cells were lysed in Triton X-100, and the lysate 
was subjected to sucrose gradient sedimentation. The distri- 
bution of env protein across the gradient was determined by 
SDS-polyacrylamide gel electrophoresis (PAGE) and West- 
ern blotting (immunoblotting) with a polyclonal antibody to 
SIV. Most of the SIV env protein was recovered in a peak 
with a sedimentation coefficient of approximately 12 (Fig. 1). 
In addition to the 12S material, a smaller amount of protein 
was recovered in a 8S peak. These s 20tW values correspond 
well to those previously reported for monomelic (7.2S) and 
dimeric (10.8S) HIV-1 env protein (6). Chemical cross- 
linking confirmed the oligomeric structures of the 8 and 12S 
proteins. When gradient fractions were cross-linked prior to 
SDS-PAGE, the 8S material remained monomelic while the 
12S material was cross-linked into a band with a molecular 
mass of approximately 300 to 400 kilodaltons. In addition, a 
small amount of SIV env protein which sedimented at 
greater than 12S was cross-linked into a higher-order form, 
probably a tetramer (data not shown). These results were 
similar to those obtained previously with the HIV-1 env 
protein (6). 

Corresponding results were obtained when pulse-chase 
experiments were performed. Cells expressing the SIV env 
protein were pulse-labeled with [ 35 S]methionine for 20 min 
and then immediately lysed or chased in the presence of 
excess cold methionine for 2 h. When the ly sates obtained 
immediately following the pulse-labeling were subjected to 
sucrose gradient centrifugation, most of the SIV .env protein 
sedimented at 8S. After the 2-h chase, however, most of the 
material sedimented at 12S. Thus, dimers were formed 
posttranslationally with high efficiency. Dimers also formed 
in the presence of Brefeldin A, a compound which efficiently 
and reversibly blocks protein transport from the ER (5, 16), 
suggesting that assembly occurs in this subcellular compart- 
ment (P. Earl, R. Doms, and B. Moss, unpublished data). 

To determine if the HIV-1, HIV-2, and SIV env proteins 
could form mixed oligomers, we infected cells with pairs of 
recombinant vaccinia viruses. The viruses were titrated so 
that each produced nearly equivalent amounts of env protein 
during double infections, which are easily obtained with 
vaccinia virus. A coimmunoprecipitation assay was devised 
to detect mixed oligomers. Lysate s from cells expressing 
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FIG. 1. Sucrose gradient analysis of SIV env protein. Confluent BSC-1 cells were infected with a recombinant vaccinia virus (WR194) 
encoding the SIV env protein at a multiplicity of infection of 30 (13). Twenty hours after infection, the cells were lysed with Triton X-100, 
and the lysate was subjected to velocity gradient sedimentation on a 5 to 20% sucrose gradient at 4°C for 23 h at 40,000 rpm in an SW40 rotor 
(6). Protein in the gradient fractions was concentrated by trichloroacetic acid precipitation, and the distribution of SIV env protein was 
determined by SDS-PAGE and Western blotting with a polyclonal antibody to SIV (kindly provided by P. Johnson, Georgetown University). 
Sedimentation coefficients were calculated by standard techniques, as previously described (6). The bottom of the gradient is indicated by 
fraction 1; the top of the gradient is indicated by fraction 17. Assembly of the SIV env protein into dimers was also followed by pulse-chase 
experiments. BSC-1 cells infected with WR194 were labeled with [ 35 S]methionine (Amersham Corp.) for 20 min at 5 h postinfection. The cells 
were then immediately lysed (Pulse) or chased in the presence of excess cold methionine for 2 h (Chase). Following centrifugation, the 
distribution of env protein across the gradient was determined by immunoprecipitation with the polyclonal antibody to the SIV env protein. 
HA, Hemagglutinin. 



two different env proteins were immunoprecipitated with 
antisera specific for only one of the proteins. Following 
SDS-PAGE, the material precipitated by the first antibody 
was transferred to nitrocellulose and probed with an anti- 
body specific for the second env protein. A positive result on 
the Western blot would be expected only if the first antibody 
coimmunoprecipitated the env protein to which it does hot 
directly bind. Two antibodies were used: a rabbit polyclonal 
serum to HIV-1 gpl20 (PB33) and a monkey antiserum to 
SIV. The SIV serum cross-reacted with the closely related 
env protein of HIV-2 but did not recognize the HIV-1 env 
protein by immunoprecipitation or Western blotting (Fig. 2). 
Likewise, the antibody to HIV-1 did not recognize either 
HIV-2 or SIV env proteins (Fig. 2). 

When cells expressing both HIV-1 and HIV-2 env proteins 
or HIV-1 and SIV env proteins were lysed and subjected to 
the coimmunoprecipitation assay, mixed oligomers were 
obtained. Antibody to HIV-1 coimmunoprecipitated the 



HIV-2 and SIV env proteins, while the SIV antibody copre- 
cipitated the HIV-1 env protein (Fig. 2). To rule out the 
possibility that coprecipitation was a result of nonspecific 
interactions arising after lysis of the cells, lysates of singly 
infected cells were mixed and incubated together for 30 min 
prior to immunoprecipitation. Coimmunoprecipitation was 
not observed under these conditions, demonstrating that 
coprecipitation was specific for cells in which different env 
proteins were coexpressed (Fig. 2). Thus, we concluded that 
the env protein of HIV-1 formed mixed oligomers with the 
env proteins of HIV-2 and SIV when coexpressed in the 
same cell. 

The formation of mixed env protein oligomers could be 
due to formation of correctly folded functional dimers or 
misfolded aggregates. To differentiate between these possi- 
bilities, lysates from double-infected cells were subjected to 
sucrose velocity gradient sedimentation to separate dimeric 
env protein from monomelic and aggregated forms. We 
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FIG. 2. Formation of mixed HIV-1, HIV-2, and SIV env protein oligomers. Cells were infected with recombinant vaccinia viruses 
encoding the env proteins of HIV-1 (6a), HIV-2 (Chakrabarti et al, in press), or SIV alone or in combination. Sixteen hours postinfection, the 
cells were lysed in Triton X-100 and samples were immunoprecipitated with a rabbit polyclonal antibody to HIV-1 gpl20 or a monkey serum 
to the SIV env protein. Equal portions of the immunoprecipitates were run on two polyacrylamide gels, and the proteins were blotted to 
nitrocellulose. The blots were then probed with antibodies to HIV-1 gpl20 or to SIV as indicated, followed by incubation with [ U3 I]protein 
A (Amersham). To determine if coprecipitation arose after cell lysis, single-infected cell lysates were mixed and incubated at 37°C for 30 min 
prior to immunoprecipitation (Mixed post-lysis). 1, HIV-1; 2, HIV-2; S, SIV. 
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FIG. 3. Formation of heterologous dimers. Lysates of double- 
infected cells, prepared as for Fig. 2, were subjected to velocity 
gradient centrifugation, as described in the legend to Fig. 1, to 
separate monomelic, dimeric, and aggregated forms of the env 
proteins. More than 90% of the env protein sedimented in the 11 to 
12S region. These fractions were pooled, and samples were precip- 
itated with antibodies to HIV-1 gpl20 or SIV env protein. The 
precipitates were then analyzed by SDS-PAGE and Western blot- 
ting, as described in the legend to Fig. 2. 1, HIV-1; 2, HIV-2; S, SIV, 



found that most of the env protein from double-infected cells 
sedimented in the 11 to 12S region of the gradients, as 
expected for dimeric env protein. Fractions from the 11 to 
12S region were pooled, immunoprecipitated, and Western 
blotted with reciprocal antibodies. Coprecipitation was once 
again observed (Fig. 3), indicating that the coprecipitation 
observed directly from the cell lysates (Fig. 2) was due to 
heterodimer formation. Thus, we concluded that the HIV-1 
and HIV-2 as well as the HIV-1 and SIV env proteins 
recognize each other as appropriate assembly partners, and 
form stable, mixed dimers. 

The efficiency of heterologous dimer formation was deter- 
mined by quantitative immunoprecipitations from metaboli- 
cally labeled cell lysates. By using the approach of Boulay et 
al. (2), we calculated that approximately 20% of all dimers 
consisted of heterologous subunits, with the remainder being 
homodimeric. If all cells are double infected and express 
equivalent amounts of the two env proteins and if mixing of 
subunits in the ER is random, then up to 50% of the dimers 
should be mixed (2). The relatively low level of heterodimer 
formation observed was most likely due to preferential 
association between subunits arising from the same poly- 
some or by some degree of preferential association between 
homologous subunits rather than to unequal levels of expres- 
sion or instability of mixed dimers to immunoprecipitation. 
Additional experiments are required to distinguish between 
these possibilities. 

The ability to efficiently coexpress proteins with recombi- 
nant vaccinia viruses offers the means of studying subunit 
binding sites by investigating whether subunits from dif- 
ferent species or strains can form mixed oligomers. In the 
case of the trimeric influenza hemagglutinin, subunit-subunit 
recognition requires a high degree of structural complemen- 
tarity between subunits (2, 26). While hemagglutinins from 
different strains generally form mixed trimers, those from 
different subtypes usually do not. In the latter case, the 
subunits typically have less than 50% sequence identity. 
Given this, it was somewhat surprising that the HIV-1 env 
protein formed mixed dimers with the env proteins from 
HIV-2 and SIV, with which it has less than 40% amino acid 
identity. Does heterologous dimer formation indicate the 
presence of a highly conserved structural domain? We have 
shown that the 129 amino-terminal residues of the gp41 
ectodomain are both necessary and sufficient for dimeriza- 
tion of the HIV-1 env protein (6). The gp41 subunits of the 
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a The env protein sequences of HIV-1 BH8 (22), HI V-2 SBL6669 (8), and 
SIV Mac (7) were aligned, and the amino acid identity percentages were 
determined as described by Pearson and Lipman (20). The gp41 ectodomain 
was defined as the amino-terminal 129 amino acids of gp41, which have been 
shown to be both necessary and sufficient for env protein oligomerization (6). 
The cytoplasmic domain was defined as all residues C terminal to amino acid 
195 in gp41 (10). 

HIV-1, HIV-2, and SIV env proteins are more highly con- 
served than their gpl20 counterparts (Table 1), Within gp41, 
the ectodomain is more highly conserved than either the 
cytoplasmic or transmembrane domains (Table 1). Given 
this degree of conservation and our studies on the HIV-1 env 
protein (6), it is likely that the ectodomain region of the 
membrane-spanning subunit in all three immunodeficiency 
virus env proteins is largely responsible for subunit-subunit 
recognition and assembly. 

The presence of a conserved assembly site in the gp41 
ectodomain may have important implications. By analogy 
with other viral and cellular membrane proteins, assembly 
into dimers and tetramers is likely to be a prerequisite for 
transport from the ER and for incorporation into virus (12, 
24). This requirement, manifested as a conserved assembly 
domain in gp41, is likely to place severe constraints on 
amino acid substitutions in this region. Studies with influ- 
enza hemagglutinin, for example, show that even single 
amino acid substitutions can drastically affect oligomer 
stability (2, 4). Conservation of the env protein assembly 
domain has been confirmed immunologically, in that anti- 
bodies to this region exhibit a strong tendency to cross-react 
with different virus isolates (9, 18, 19, 29). Interestingly, 
some of these antibodies fail to react with native protein (19). 
Whether residues making up these epitopes participate di- 
rectly in subunit-subunit interactions and so are inaccessible 
in the subunit interface region needs to be examined. 

In summary, the gp41 assembly domain joins those in- 
volved in CD4 binding, gpl20-gp41 subunit cleavage, and 
membrane fusion as representing regions of functional im- 
portance which share, as a result, a considerable degree of 
structural similarity. The identification of these and other 
conserved sites will undoubtably lead to a greater under- 
standing of the structure and function of the molecule and 
may suggest regions to which cross : reactive neutralizing 
antibodies can be directed. Finally, heterologous dimers 
formed from coexpressed wild-type and mutant env protein 
molecules can be assayed for their abilities to form dimers, 
bind CD4, be incorporated into virus, and trigger membrane 
fusion, which offers an interesting way to study the role of 
subunit cooperativity in env protein function. 

We thank P. Johnson, Georgetown University, for his gifts of 
WR194 and the SIV antiserum; P. Berman, Genentech, for rabbit 
antisera to gpl20; and N. Cooper for cells and viruses. 

LITERATURE CITED 
1. Bosch, M. L., P. L. Earl, K. Fargnoli, S. Picclanioco, F. 
Giombini, F. Wong-Stahl, and G. Franchini. 1989. Identification 
of the fusion peptide of primate immunodeficiency viruses. 
Science 244:694-697. 



3540 NOTES 



J. Virol. 



2. Boulay, F., R. W. Doras, R. G. Webster, and A. Helen i us. 1988. 
Posttranslational oligomerization and cooperative acid activa- 
tion of mixed influenza hemagglutinin trimers. J, Cell Biol. 
106:629-639. 

3. Coffin, J. M. 1986. Genetic variation in AIDS viruses. Cell 
46:1^. 

4. Daniels, R. S., J. C. Downie, A. J. Hay, M. Knossow, J. J. 
Skehel, M. L. Wang, and D. C. Wiley. 1985. Fusion mutants of 
the influenza virus hemagglutinin glycoprotein. Cell 40:431-439. 

5. Doms, R. W., G. Russ, and J. W. Yewdell. 1989. Brefeldin A 
redistributes resident and itinerant Golgi proteins to the endo- 
plasmic reticulum. J. Cell Biol. 109:61-72. 

6. Earl, P. L., R. W. Doms, and B. Moss. 1990. Oligomeric 
structure of the human immunodeficiency virus type 1 envelope 
glycoprotein. Proc. Natl. Acad. Sci. USA 87:648-652. 

6a.Earl, P. L., A. W. Hugin, and"B. Moss. 1990. Removal of cryptic 
poxvirus transcription termination signals from the human im- 
munodeficiency virus type 1 envelope gene enhances expression 
and immunogenicity of a recombinant vaccinia virus. J. Virol. 
64:2448-2451. 

7. Franchini, F M C. Gurgo, H.-G. Guo, R. C. Gallo, E. Collati, 
K. A. FargnoU, L. F. HaU, F. Wong-Stahl, and M. S. Reitz, Jr. 
1987. Nucleotide sequence of simian immunodeficiency virus 
and its relationship to the human immunodeficiency viruses. 
Nature (London) 328:539-543. 

8. Franchini, G., K. A. FargnoU, F. Giombini, L. Jagodzinski, A. 
De Rossi, M. Bosch, G. Biberfeld, E. M. Fenyo, J. Albert, R. C. 
Gallo, and F. Wong-Stahl. 1989. Molecular and biological char- 
acterization of a replication competent human immunodefi- 
ciency type 2 (HIV-2) proviral clone. Proc. Natl. Acad. Sci. 
USA 86:2433-2437. 

9. Ghann, J. W., Jr., J. A. Nelson, and M. B. A. Oldstone. 1987. 
Fine mapping of an immunodominant domain in the transmem- 
brane glycoprotein of human immunodeficiency virus. J. Virol. 
61:2639-2641. 

10. Haffar, O. K., D. J. Dowbenko, and P. W. Berman. 1988. 
Topogenic analysis of the human immunodeficiency virus type 1 
envelope glycoprotein, gpl60, in microsomal membranes. J. 
Cell Biol. 107:1677-1687. 

11. Hoekstra, D., and J. W. Kok. 1989. Entry mechanisms of 
enveloped viruses: implications for fusion of intracellular mem- 
branes. Biosci. Rep. 9:273-305. 

12. Hurtley, S. M., and A. Helenius. 1989. Protein oligomerization in 
the endoplasmic reticulum. Annu. Rev. Cell Biol. 5:277-307. 

13. Koenig, S., V. M. Hirsch, R. A. 01 instead, D. Powell, W. Maury, 
A. Rabson, A. S. Fauci, R. H. PurceU, and P. R. Johnson. 1989. 
Selective infection of human CD4 + cells by simian immunode- 
ficiency virus: productive infection associated with envelope 
glycoprotein-induced fusion. Proc. Natl. Acad. Sci. USA 86: 
244^-2447. 

14. Kowalski, M., J. Potz, L. Basiripour, T. Dorfman, W. C. Goh, E. 
TerwUliger, A. Dayton, C. Rosen, W. Haseltine, and J. Sodroski. 
1987. Functional regions of the envelope glycoprotein of human 
immunodeficiency virus type I. Science 237:1351-1355. 

15. Lasky, L. A., G. Nakamura, D. H. Smith, C. Fennie, C. 
Shimasaki, E. Patzer, P. Berman, T. Gregory, and D. J. Capon. 
1987. Delineation of a region of the human immunodeficiency 
virus type I gpl20 glycoprotein critical for interaction with the 
CD4 receptor. Cell 50:975-985. 

16. Lippincott-Schwartz, J., L. C. Yuan, J. S. Bonifacino, and R. D. 
Klausner. 1989. Rapid redistribution of Golgi proteins into the 
endoplasmic reticulum in cells treated with Brefeldin A: evi- 
dence for membrane cycling from Golgi to ER. Cell 56:801-813. 



17. McCune, J. M., L. B. Rabin, M. B. Fein berg, M. Lieberman, 
J. C. Kosek, G. R. Reyes, and I. L. Weissman. 1988. Endopro- 
teolytic cleavage of gpl60 is required for the activation of 
human immunodeficiency virus. Cell 53:55-67. 

18. Norrby, E., G. Biberfeld, P. R. Johnson, D. E. Parks, R. A. 
Hough ten, and R. A. Lerner. 1989. The chemistry of site- 
directed serology for HIV infections. AIDS Res. Hum. Retro- 
viruses 5:487-493. 

19. Norrby, E., D. E. Parks, G. Utter, R. A. Ho ugh ten, and R. A. 
Lerner. 1989. Immunochemistry of the dominating antigenic 
region Ala 582 to Cys 604 in the transmembranous protein of 
simian and human immunodeficiency virus. J. Immunol. 143: 
3602-3608. 

20. Pearson, W. R-, and D. J. Llpman. 1988. Improved tools for 
biological sequence comparison. Proc. Natl. Acad. Sci. USA 
85:2444-2448. 

21. Pinter, A., W. J. Honnen, S. A. TiUey, C. Bona, H. Zagbouani, 
M. K. Gorny, and S. ZoUa-Pazner. 1989. Oligomeric structure of 
gp41, the transmembrane protein of human immunodeficiency 
virus type 1. J. Virol. 63:2674-2679. 

22. Ratner, L., W. Haseltine, R. Patarca, K. J. Livak, B. Starcich, 
S. F. Josephs, E. R. Doran, J. A. Rafalski, E. A. Whitehorn, K. 
Baumeister, L. Ivanoff, S. R. Petteway, M. L. Pearson, J. A. 
Lautenberger, T. S. Papas, J. Ghrayeb, N. T. Chang, R. C. 
Gallo, and F. Wong-Stahl. 1984. Complete nucleotide sequence 
of the AIDS virus, HTLV-III. Nature (London) 313:277-284. 

23. Rey, M.-A., B. Krust, A. G. Laurent, L. Montagnier, and A. G. 
Hovanessian. 1989. Characterization of human immunodefi- 
ciency virus type 2 envelope glycoproteins: dimerizatioh of the 
glycoprotein precursor during processing. J. Virol. 63:647-658. 

24. Rose, J. K., and R. W. Doms. 1988. Regulation of protein export 
from the endoplasmic reticulum. Annu. Rev. Cell Biol. 4: 
257-288. 

25. SchawaUer, M., C. E. Smith, J. J. Skene!, and D. C. Wiley. 1989. 
Studies with cross-linking reagents on the oligomeric structure 
of the env-glycoprotein of HIV. Virology 172:367-370. 

26. Sklyanskaya, E. I., M. Shie, Y. S. Komarov, S. S. Yamnikova, 
and N. V. Kaverin. 1988. Formation of mixed hemagglutinin 
trimers in the course of double infection with influenza viruses 
belonging to different subtypes. Virus Res. 10:153-165. 

27. Starcich, B. R., B. H. Hahn, G. M. Shaw, P. D. McNeely, S. 
Modrow, H. Wolf, E. S. Parks, W. P. Parks, S. F. Josephs, 
R. C. Gallo, and F. Wong-Stahl. 1986. Identification and char- 
acterization of conserved and variable regions in the envelope 
gene of HTLV-III/LAV, a retrovirus of AIDS. Cell 45:637-648. 

28. Stegmann, T., R. W. Doms, and A. Helenius. 1989. Protein- 
mediated membrane fusion. Annu. Rev. Biophys. Biophys. 
Chem. 18:187-211. 

29. Veronese, F. D., R. Rahman, V. S. Kalyanaraman, R. Pal, P. 
Lusso, R. Tritch, S. Petteway, R. C. Gallo, and M. G. Sarngad- 
haran. 1989. Monoclonal antibodies to HTLV-III 4M gp41: de- 
lineation of an immu note active conserved epitope in the trans- 
membrane region of divergent isolates of HIV-1. AIDS Res. 
Hum. Retroviruses 5:479-486. 

30. Wong-Staal, F., G. Shaw, B. Hahn, Z. Salahuddin, M. Popovic, 
P. Markham, R. RedBeld, and R. C. Gallo. 1985. Genomic 
diversity of HTLV-III .Science 229:759^761 . 

31. Zagury, J. F., G. Franchini, M. Reitz, E. CoUalti, B. Starcich, L. 
HaU, K. FargnoU, L. Jagodzinski, H.-G. Guo, F. Laure, S. K. 
Arya, S. Josephs, D. Zagury, F. Wong-Staal, and R. C. Gallo. 
1988. Genetic variability between isolates of human immunode- 
ficiency virus (HIV) type 2 is comparable to the variability 
among HIV type 1. Proc. Natl. Acad. Sci. USA 85:5941-5945. 



